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ABSTRACT 
Scanning Electrochemical Microscopy (SECM) is an electroanalytical tool capable of acquiring 
quantitative, localized measurements and imaging of electrochemical systems including reactions 
at electrode interfaces, energy storage materials, and catalysis. SECM is a scanning probe 
microscopy technique that utilizes a small conductive probe on the micro to nanometer scale 
submerged in an electrolyte solution. SECM experiments often involve reactions at the probe 
with redox-active species either added in or produced from the substrate for data acquisition. 
Few approaches have been explored for ion-sensitive probes that can quantitatively measure ion 
movement at electrode interfaces in spite of the ubiquitous role ions play in electrochemical 
processes. Our group has applied mercury amalgam-based probes for studying a variety of 
energy storage systems. However, the probes often suffer from oversaturation in high ionic 
concentrations, and this issue becomes compounded as the probe-size is decreased. Here, we 
investigate modifying micro and nanoelectrodes with multi-layer graphene for use in local micro 
to nanoscale mapping of reactivity at small graphene fragments and ionic fluxes at nanoparticle 
interfaces.  
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CHAPTER 1 – INTRODUCTION TO SECM AND ELECTRODE FABRICATION 
METHODS FOR SECM TIPS 
1.1 Introduction to SECM & Nanoscale SECM 
 Scanning Electrochemical Microscopy (SECM) is a scanning probe technique in which 
an ultramicroelectrode (UME) or nanoelectrode is submerged in a liquid electrolyte with a redox 
mediator for approaching and imaging material surfaces via electrochemical feedback 
mechanisms. The current response at the tip offers quantitative information about electron 
transfer, reaction products, and morphology of surfaces like those shown in Figure 1.1  
 
Fig. 1 Schematic of an SECM experiment. (a) A is reduced/oxidized to B at the SECM tip where it is replenished at 
the substrate; (b) SECM image obtained from current measurements resulting from reducing/oxidizing a species.  
Electrochimica Acta. 2016, 211, 1016-1023. 
The role of the mediator is to be oxidized/reduced at the probe tip to provide a steady-
state source of current or as a source of reactant that interacts with the substrate.2 Additionally, 
the supporting electrolyte is added to increase the solution’s conductivity, though UMEs and 
nanoelectrodes are amenable to low electrolyte conditions. Most SECM experiments are four-
(a) (b) 
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electrode setups that includes the probe, the substrate, the counter, and reference electrodes. As 
illustrated in Figure 1 (a), an applied negative potential at the probe causes the species of interest, 
O [A], to be reduced to give the product, R [B], for the one electron process. Likewise, R can be 
oxidized at the probe tip or at an electroactive substrate to replenish O shown by equation 1:2 
 O + e- → R / R – e- → O (eq. 1) 
UMEs offer fast mass transport, rapid double-layer charging for fast transient measurements, 
reduced capacitance, and imaging resolution relative to the tip size.3 The diffusion layer around 
the UME begins to form around the electroactive core of the probe’s tip and the current mitigates 
until a hemispherical diffusion controlled rate (known as “steady-state” current) is achieved. This 
steady-state current is observed with cyclic voltammetry (Figure 2a) or after applying a high 
enough overpotential (Figure 2b) for the redox reaction.  
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Fig. 2 Cyclic voltammagram showing steady-state current during the (a) reduction and (b) oxidation of ferrocene 
with a 12.5 um Pt UME at a scan rate of 20 mV/s. Flores Jr., H.; Gossage, Z.T.; Rodríguez-López, J. Unpublished. 
2019. 
When a planar disc-like electrode is extended within solution and far from any surface, the 
steady-state current is controlled by hemispherical diffusion (Figure 3a) and expressed in 
equation 2:2 
 iT,∞ = 4nFDC
*a (eq. 2) 
where iT,∞ is the current measured at the probe’s tip at “infinite” distance, n is the number of 
electrons transferred in the electrochemical reaction, F is Faraday’s constant, D is the redox 
mediator’s diffusion coefficient, C* is the bulk concentration of the mediator and a is the 
electroactive radius of the SECM probe.  
   
Fig 3. Schematic of steady-state hemispherical diffusion at an electrode when (a) “infinitely” far away from a 
surface, (b) hindered diffusion near an insulating surface (c) enhanced response near a conductive surface. Chem. 
Rev. 2016, 116, 13234-13278.  
SECM tips are utilized as amperometric probes where the changing current that is 
recorded is a result of the potential difference applied. For probes to be practical for SECM, the 
insulating walls around the electroactive surface need to be minimized through sharpening or 
(a) (b) (c) 
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etching. The RG of the electrode2,3,4, as shown in equation 3, is the ratio between the radius of 
the insulating glass of the tip (rg) and the radius of the electroactive surface (a): 
 RG = rg/a (eq. 3) 
Feedback Mode2,4 
Ensuring that there is no significant insulation around the electroactive surface prevents 
interactions between the insulating material and the substrate due to any misalignment of the cell 
or electrode. Any change in current measured at the electrode when brought a few tip radii from 
the substrate’s surface is recorded as an SECM response known as feedback. The current 
measured at the electrode tip at any given time, iT, with respect to the bulk current, iT,∞, is highly 
dependent on: 1) how far the electrode is positioned from the surface, 2) properties of the 
surface, and 3) properties of the electrolyte system. When approaching a surface, quantitative 
information can be extracted from the approach response. Approaching closely to an insulating 
surface involves hindered diffusion of O to the electrode surface and iT is smaller relative to iT,∞. 
As the distance between the tip and surface approaches 0, iT also approaches 0 resulting in 
“negative feedback” as shown in Figure 3(b). When approaching closely to a conductive surface 
the electrochemically generated product R can diffuse from the tip to this surface and reconvert 
to O (Figure 3c). At small distances between the electrode tip and the surface, the increased flux 
of O replenished by the substrate produces a large iT relative to iT,∞ dubbed as “positive 
feedback”. SECM has many modes including non-amperometric ones, but only Feedback mode 
will be discussed here. 
The overall response, or approach curve, can be used for position SECM probe 
characterization. For example, the electroactive radius can be determined from positive feedback 
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curves, the RG of the tip from negative feedback curves, and relative position from a surface 
(when fitted to theoretical SECM approach curves) – all of which are vital to electrode 
characterization. Prior to any of this characterization, normalization is needed to fit experimental 
approach curves to theoretical curves. Electrode sizes and shapes vary and comparison of results 
with other sources becomes trivial and less convoluted with normalization.5 Approach curves are 
fitted as I vs. L curves, normalized current and distance respectively: 
 I = iT/iT,∞ (eq. 4) 
And 
 L = d/a  (eq. 5) 
Where d is the distance between the electrode tip & the substrate surface and a is the electrode’s 
radius (assuming disk shape). To characterize the electrode, the experimental approach curves 
just need to be fitted to SECM approach curve theory. However, to position the probe at a known 
distance away from the surface, then its approach has to be manually stopped before the probe 
makes contact. Fitting the stopped experimental approach curve to theory also allows the exact 
gap distance to be calculated. 
SECM Imaging 
 SECM’s scanning and imaging capabilities allow it to move the electrode at a constant 
height (constant Z) and scan the electrode across a set distance in the XY plane while recording 
the current at either the electrode or substrate as a function of the electrode’s position. SECM 
does not depend on optics so it is not limited by the diffraction limit of light and sub-micrometer 
surfaces, materials, and particles can be imaged. 
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 The resolution of the image is dependent on 1) tip size, where a smaller electrode gives a 
higher resolution and 2) distance between the electrode and substrate, where a smaller L results 
in a higher resolved image. Imaging at higher normalized distances creates overlap of the 
diffusion fields of the mediator when probing the electrochemical reactions which results in a 
low-resolution or distorted image. Irregular surfaces or deformations mid-experiment and 
vibrations can cause the electrode to crash into the substrate while scanning < 100 nm away from 
the surface which makes imaging difficult.  
 Chemical imaging is unique to SECM in that chemical reactions within the solution can 
be optimized by varying the reactants and solution environment. As a result, one obtains a 
reaction rate image via electrocatalysis where different materials give different electrochemical 
responses due to kinetics and diffusion that distinguishes their electrochemical activity apart 
from each other. This allows SECM to be considered as a possible screening technique.2,4  
Nanoscale SECM 
 A small electrode is necessary for effective SECM measurements and imaging. Though 
UMEs are common in SECM experiments, nanoelectrodes offer increased mass transport, higher 
spatial resolution for SECM imaging, and faster charging of the electrical double layer for short-
lived intermediate measurements. Despite their advantages, implementing nanoelectrodes is 
challenging due to frequent tip breakage. The tips needed for nanoscale SECM are fragile from 
their inception all the way to aligning them for an experiment. Along with any slight force 
applied to them, tips can break through electrostatic damage (ESD).2,4,5,6,7,8,9,10,11,12 
  1.2 Introduction to Ultramicroelectrodes & Disk Electrode Fabrication (Pt, C, Au) 
Nichrome Coil Sealing Method 
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There are two dominant methods for fabricating disk electrodes: heat coil sealing and 
laser pulling. For heat coil sealing, a piece of metal or any other electroactive wire is inserted 
into a sealed glass capillary (borosilicate or quartz) and pushed to the sealed end. The capillary is 
positioned and centered in a nichrome coil making sure that the capillary is straight within the 
coil. An inert atmosphere is need for a good seal so a vacuum is pulled inside the capillary by 
connecting the open end to a vacuum pump via Tygon tubing. Carbon dioxide and other volatile 
impurities can be released inside the capillary when sealing causing bubbles to be trapped inside 
yield a bad seal. Having a bad seal hinders an electrode from recording accurate measurements 
during an electrochemical experiment. One can heat the coil gently by passing a small current 
(~5 A) with a resistance heater while having the sealed capillary just above the coil de-adsorbs 
any impurities within the capillary. Applying a current (10-20 A) to the resistance heater heats 
the nichrome coil and seals the glass around the wire. Slowly lowering the capillary into the coil 
ensures the glass completely seals around the wire. Some wire is left unsealed to make electrical 
contact. The capillary is left to cool and inspected with optical microscopy for air bubbles to 
ensure a tight glass seal around the wire is made. If the wire seal is poor or if there are air 
bubbles, the capillary is discarded. If there is a good seal with no bubbles, the sealed end is 
polished perpendicularly with silicon carbide paper in “∞” motions to remove the glass 
insulation and expose the wire. Alternatively, a polishing wheel can be used to quickly remove 
glass at the end by holding it perpendicularly to the carbide paper on the wheel. Due to the rapid 
nature of removal, the end should be checked frequently with optical microscopy until the wire is 
exposed. Once exposed, silver epoxy is injected into the back end of the capillary, ensuring that 
it engulfs the unsealed wire. Next, a copper wire, whose ends have the insulation removed, is 
inserted into the epoxy for electrical contact. The entire electrode is cured in an oven for an hour 
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at 100 °C to harden the epoxy. The glass at the tip near the wire is sharpened with decreasing 
sizes of carbide paper until an RG between 3 and 10 is achieved. Alternatively, a polishing wheel 
can also be used to sharpen the electrode if the electrode is held 45° at the contact. Finally, the 
electrode tip is polished in the same fashion with decreasing sizes of alumina on a polishing pad 
to ensure the wire surface is smooth.3,9,13,14 
Laser-Pulling Method 
 This method utilizes a laser puller (P-2000) to seal and pull wires within capillaries to 
fabricate two nearly identical UMEs (Figure 4). For laser-pulling procedures, annealed wires 
tend to be easier to pull than hard wires. They are cleaned with 10% HNO3, rinsed with H2O, and 
dried in an oven.  The metal/electroactive wire is inserted and positioned into the middle of a 
glass capillary (borosilicate, quartz or soda lime). Vacuum lines are attached to the open ends of 
the capillary via Tygon tubing to pull a vacuum inside of it. The capillary is evacuated for 30 
minutes to remove any impurities on the inside walls. The wire is then simultaneously sealed and 
pulled by applying a heated laser at the capillary center where the wire is located. The 
parameters used are Heat = 240, Filament = 5, Velocity = 60, Delay = 140, and Pull = 70, but 
these can be varied and optimized to give different tip diameters. A second way to laser-pull the 
UMEs, is by separating the sealing and pulling steps. Stoppers are placed on the pull clamps of 
the laser puller so that no pulling force is exerted on the capillary when the laser heats the center 
of it. As a result, the center with the wire is heated continuously until a seal is formed. When the 
program stops, a second one is initiated after removing the stoppers so that the center is heated 
briefly before a hard pull is executed, separating the capillary to make two electrodes. Parameters 
for the individual sealing and pulling step are optimized for the desired tip size, but generally 
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increasing Velocity yields smaller sized tips, while increasing both Heat and Pull yields smaller 
sized tips with longer tip tapers. 
 
Fig. 4 Optical microscopy images of laser-pulled UMEs with different wires used as the electroactive core. Scale 
bars are 25 um. Anal. Chem. 2015, 87, 2565-2569. 
Once pulled, the UMEs are polished with decreasing sizes of alumina grains in either of both 
ways described above for the UMEs fabricated using the nichrome sealing method. As one 
polishes the electrode, the tip radius increases as the glass and electroactive material are removed 
to smoothen the surface. The same protocol with silver epoxy and copper wire is done to 
establish electrical contact.3,9,14,15 
1.3 Nanoelectrode Fabrication 
Carbon Nanoelectrodes 
 To begin, a capillary (typically quartz glass) tube is cleaned by airbrushing or in piranha 
solution to remove any dust and organics that may be trapped within the inside. They are then 
clamped and centered into a P-2000 laser puller. A CO2 laser is then applied to heat the center of 
the capillary while the clamps simultaneously pull and stretch the capillary into pipettes. The 
parameters of the laser puller are Heat = 790, Filament = 3, Velocity = 45, Delay = 130, and Pull 
=90, butthey can be optimized to pull the capillaries into pipettes with tip radii as small as 30 
18 
 
nm. Next, a carbon source, either butane or acetylene, is pumped through the open end and a 
Bunsen burner/propane torch is used to scorch the end of the pipette causing the carbon gas to 
pyrolyze and deposit on the pipette’s walls creating a carbon disk tip. Different intervals of 
heating and cooling can be optimized to better control the carbon pyrolysis. A quartz glass tube 
slowly flowing an inert gas like argon or nitrogen is placed around the pipette tip during 
pyrolysis to ensure that the capillary’s tip is not deformed or that the carbon is not further 
oxidized. Prior to pyrolysis, the pipette’s tip can be back-filled with copper acetate, vacuumed, 
and heated overnight at 40⁰ C to leave behind copper acetate crystals on the pipette walls to serve 
as nucleation sites for the carbon. The carbon adsorbs onto the inner walls of the capillary 
making deposition into the tip more facile.5,9,16,17,18,19  
Platinum Nanoelectrodes 
 A laser puller is utilized to seal and pull a piece of annealed platinum wire into nanometer 
sized dimensions (Figure 5), very similar to the protocol for fabricating UMEs as described 
earlier. A piece of the wire is cut and inserted into a glass capillary (borosilicate or quartz) and 
positioned in the center so that the laser can focus on it to pull two separate electrodes. The 
capillary is then inserted into the laser puller’s positioners and centered in a manner where the 
laser focuses on the wire center. The ends of the capillary are connected to a vacuum pump via 
Tygon tubing and evacuated. The laser puller’s positioners are clamped in place with stoppers so 
that it does not apply a weak pulling force on the capillary. It allows for proper sealing of the 
platinum in the capillary. The parameters of the initial wire sealing program are Heat = 775, 
Filament = 5, Velocity = 100, Delay = 120, and Pull =1 and pulsed 5 times for proper sealing. 
The parameters, heating, and cooling times are optimized for variation in instrument and 
environment. The clamps on the positioners are then removed and the second program, the actual 
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pull, is run with parameters Heat = 600, Filament = 2, Velocity = 130, Delay = 150, and Pull = 
220. This heats the capillary briefly before initiating the hard pull to produce two platinum 
nanoelectrodes whose wire is encompassed in glass.20,21,22 
     
Fig. 5 SEM images of a 200 nm needle-type, laser-pulled Pt nanoelectrode. Electroanalysis. 2002, 14, 22-28. 
 Although with larger RGs, Wollaston electrodes offer more durability. A 0.6 um diameter 
Wollaston wire is a platinum wire coated with 50-100 um of silver. A piece of this wire is made 
into a slight hook and inserted into an open end of a glass capillary and positioned near the tip of 
the capillary with the hook acting as stabilizing support. The tip is submerged in a 50 % HNO3 
solution where some of it is pulled into the capillary via capillary action, submerging ~2 mm of 
the wire in the acidic solution. The acid dissolves the protective silver coating and is held in 
place for 1 minute, exposing the 2 mm long platinum wire. The HNO3 is removed by placing the 
filled end perpendicularly on a Kimwipe and allowing capillary action to remove it. The 
procedure is repeated with water, rinsing the wire 20 times until the acid is removed. The 0.6 um 
diameter platinum wire is fragile and caution should be exerted during the rinsing and 
proceeding steps. The tip is then rinsed with acetone and left to air dry or dried in an oven for 2 
hours at 100 ⁰C. The procedure for sealing the Wollaston wire is the same as the nichrome coil 
sealing method, but it is important to note that the junction where the platinum is exposed from 
the silver coating also needs to be sealed in glass to prevent the wire from breaking when the 
silver epoxy or electrical contact is made.9,13,23  
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1.4 Characterization 
Cyclic Voltammetry 
 Cyclic voltammetry can be used to initially characterize the electrochemical behavior of 
an electrode and assess whether there is a good seal between the glass and the metal wire. When 
assessing voltammagrams, ideal UME and nanoelectrode behavior is characterized by steady-
state current plateaus after reaching the diffusion limit for an electrochemical process and if the 
reverse scan retraces or hugs closely the forward scan it indicates no significant capacitance is 
present. When both criteria are met, a good seal is present. The electrode radius can be estimated 
from the steady-state current measurements using equation 2 and compared with optical 
measurements for UMEs. Redox mediators whose systems are well understood like ferrocene 
methanol or ruthenium hexamine need to be used to allow a diffusion limited current plateau to 
be established at a slow scan.  
For nanoelectrodes, however, cyclic voltammetry offers no geometric information and 
cannot tell one whether the electrode is planar, recessed, or other irregularities on the surface. 
Additionally, optical microscopy cannot be used and electron microscopies or other 
electrochemical measurements need to be implemented to determine their size since cyclic 
voltammetry measurements can be deceptive and yield a smaller radius than what they actually 
are.3,6,7,9,22 
Scanning Electron Microscopy (SEM) 
 SEM is a useful technique for visualizing electrode tips when the dimensions cannot be 
resolved with optical microscopy. SEM image scale bars estimate the electrode radius to a higher 
degree than with cyclic voltammetry. Additionally, one can obtain geometric information 
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regarding the RG value and see if any irregularities are present. The glass around the 
electroactive material is insulating and can build up charge making it difficult to discern the 
conductive/insulating parts of the tip. Although it offers a substantial amount of qualitative 
information of the electrode tip, it is limited to estimates. This issue is exacerbated when the tip 
reaches dimensions < 50 nm, typically the diffraction limit for SEM. For precise quantitative 
dimensions of the electrode tip or for utilizing even smaller sized tips, further electrochemical 
measurements are needed.3,6,7,17,18,20,22  
SECM Approach Curves 
 Theoretical SECM approach curves provide a much needed model for characterizing 
experimental approach curves in which geometric parameters of an electrode can be extracted. 
The mathematical formulations and analytical approximations are beyond the scope of this work 
and only a brief description of its use for characterizing electrode quality will be discussed. 
Theoretical SECM approach curves help distinguish between planer and other irregular electrode 
responses. Current responses for both recessed or convexed tips give smaller normalized current 
responses than for planar tips. Their primary function is to showcase what the ideal behavior of 
the electrode response should be (Figure 6). Thus, experimental approach curves are plotted 
against the theoretical ones. How well the experimental curve fits with theory tells one whether 
the electrode is fabricated well and can be utilized in further electrochemical experiments. 
Theoretical curves also information regarding how far an electrode is from a conducting or 
insulating surface as well as the current one should expect from that distance.3,6,9,22,24,25,26,27 
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Fig. 6 Plot of theoretical SECM approach curves for a conductor and insulator. Electroanalysis, 2002, 14, 1041-
1051. 
CHAPTER 2 – MODIFYING ULTRAMICROELECTRODES WITH MULTI-LAYER 
GRAPHENE 
2.1 Graphite & Graphene Electrochemistry 
Graphite’s layered structure has made it a unique battery material for its ability to 
intercalate ions within its structure. Lithium ion battery performance depends on its ability to 
store and remove lithium ions readily within this intercalated structure which proceeds via a 
staging mechanism. Lithium ions intercalate into graphite sheets randomly then disperse to fill 
sets of layers sequentially depending on the number of empty layers adjacent to the lithiated one. 
The potential at a given point in time during charge or discharge decides the Li-C structure that 
is present at that time.23,28,29 Where driving force determines the ability and structure of 
intercalated lithium, graphite orientation dictates ion intercalation rate. Lithium diffusion is 
enhanced orders of magnitude when ions enter through the edge planes rather than 
perpendicularly through the basal planes.30 Cycling graphitic materials to negative potentials 
needed to drive lithium ion intercalation with respect to a lithium reference electrode causes the 
surrounding solvent & electrolyte to degrade and deposit onto the material’s surface. This layer 
of electrochemically insulating material is known as the solid-electrolyte interphase (SEI). After 
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forming and stabilizing, additional solvent or electrolyte does not degrade. Although 
electronically insulating, it remains ionically conductive allowing high rates of lithium 
intercalation and de-intercalation (Figure 7).23,29 
  
Fig. 7 (a) Unhindered electron transfer when no SEI is present; (b) SEI layer hindering electron transfer; (c) 
SEI remains ionically conductive after forming. ACS Nano. 2016, 10, 4248-4257. 
 There is a push for 2D graphitic materials as they have shown to be advantageous over 
graphite due to its larger surface area, conductivity, and faster heterogeneous electron transfer 
rates.23,31 Few-layer graphene (FLG) is < 10 layers of single-sheet graphene while multi-layer 
graphene (MLG) is ≥ 10 layers. To be utilized in electrochemical experiments, the graphene 
needs to be treated and patterned to expose the edge planes for lithium insertion.32 Graphene 
demonstrates two regimes of electrochemical activity in its cyclic voltammetry: SEI formation 
and lithium intercalation. When first cycling, large peaks appear first but mitigate as cycling 
continues which is attributed to the SEI layer forming on the graphitic material while lithium 
intercalation peaks are seen at more negative potentials. The intercalation and de-intercalation 
peaks broaden as the material transitions to lower stages of intercalated graphene (Figure 8).23,33  
(a) (b) (c) 
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Fig. 8 Cyclic voltammagrams of multi-layer graphene showing (a) SEI formation, mitigation, and 
stabilization and (b) lithium intercalation cycling. ACS Nano. 2016, 10, 4248-4257. 
2.2 Characterization 
Raman Spectroscopy 
 In situ and ex situ Raman have been used to characterize graphitic materials since the 
carbon bonds yield characteristic bands in the spectra. G bands at ~1550 cm-1 and D bands at 
~1360 cm-1 appear which are characteristic of graphitic materials. 2D bands at ~2650 cm-1 are 
characteristic of graphene sheets with an intense peak being present if the material contains only 
a single sheet. Shifts to higher values or decrease in peak intensity is indicative of multiple layers 
being present. Raman spectra of graphene with > 5 layers and bulk graphite look almost 
identical. The intensity ratio of the G and 2D bands also offers information about the number of 
graphene layers present in a material.23,33,34 
UV-Transmittance Spectroscopy 
 UV-Transmittance Spectroscopy has been used to characterize the number of single-sheet 
graphene layers present in a FLG or MLG sample. Transmittance is recorded by utilizing a 
radiation source of 550 nm. Each layer that is transferred onto the sample decreases the overall 
percent transmittance by ~2.3%. One starts with a sample with no graphene transferred and 
(a) (b) 
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recording a blank measurement. By recording the overall percent transmittance after transferring 
graphene, the number present can be determined. A 76% transmittance corresponding to 10 
layers of MLG has been accurately measured.23 
2.3 Modifying Ultramicroelectrodes with Multi-Layer Graphene Fragments 
Graphite and graphene has been utilized for studying lithium intercalation reactivity at 
the macroscale, but to the best of my knowledge, reactivity of graphene fragments measured on 
micrometer and sub-micrometer electrode tips has not been investigated. In this document, I 
attempt to modify micro and nanoelectrodes with multi-layer graphene to study localized 
graphene reactivity at the sub-micrometer scale. The motivation lies in obtaining localized 
quantitative electroanalytical measurements of lithium ions in graphitic based materials to 
deepen our understanding of energy storage processes involving intercalation. Developing this 
fundamental understanding will help ameliorate current battery materials, but also aid in 
developing those of next-generation caliber. 
 The method used for picking up a graphene fragment at UMEs and nanoelectrodes is by 
exploiting polydimethylsiloxane’s (PDMS) soft surface to slam the electrode into a MLG coated 
PDMS substrate. Nanoelectrodes have been shown to crash into PDMS with no tip breakage18 
which makes it an excellent substrate candidate to coat MLG with for our purposes. Taking 
advantage of the SECM’s stepper and piezoelectric motors, we hypothesize that crashing into a 
MLG surface can break apart the graphene sheets where a fragment of MLG can be picked with 
the tip when the electrode is retracted to perform sub-micrometer electrochemistry (Figure 9). 
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Fig. 9 Schematic of procedure for modifying micrometer and submicrometer electrodes with multi-layer graphene 
fragments. Flores Jr., H.; Gossage, Z.T.; Rodríguez-López, J. Unpublished. 2018. 
 Carbon nanoelectrodes were fabricated using the methodology outlined in chapter 1 and 
initially characterized with optical microscopy (Figure 10).  
  
Fig. 10 Optical microscope images of a (a) pulled capillary; (b) capillary with pyrolyzed carbon deposited at the tip. 
Flores Jr., H.; Gossage, Z.T.; Rodríguez-López, J. Unpublished. 2018. 
Lithium electrochemistry must be conducted under inert atmosphere so the carbon 
nanoelectrodes were transferred into an argon glovebox where the SECM cell and electrode were 
constructed and positioned respectively. Ferrocene was spiked into a solution of 0.1 M LiPF4 in 
PC:EC as the mediator and the quality of the nanoelectrode was assessed using cyclic 
voltammetry and chronoamperometry (Figure 11). The current response obtained is on the order 
of nanoamperes which is the expected magnitude for an electrode of sub-micrometer size. 
Additionally, a sigmoid-shape is obtained, characteristic of hemispherical diffusion obtained at 
small electrodes (Figure 11a). The diffusional current is between 0.32 and 0.35 nA so a 
(a) (b) 
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chronoamperogram was obtained to assess the electrode’s stability (Figure 11b). Sixty seconds 
of quiet time was allotted to charge the electrical double-layer before recording a signal. A 
steady-state current of 0.33 nA was achieved which is consistent with the steady-state current of 
the voltammogram. 
   
Fig. 11 Carbon nanoelectrode electrochemical assessment: (a) cyclic voltammogram; (b) chronoamperogram. 
Increased current in the voltammogram is due to double-layer charging. Flores Jr., H.; Gossage, Z.T.; Rodríguez-
López, J. Unpublished. 2018. 
After recording a stable steady-state response, the nanoelectrode approached and crashed into the 
MLG coated substrate using the SECM’s stepper motors (Figure 12a). A small jump in current is 
measured before rapidly devolving into negative feedback and crashing – what is seen as the 
rapid oscillation in current at the end of the approach curve. The nanoelectrode was retracted 500 
um and a cycle of lithium intercalation/de-intercalation was performed (Figure 12b). The 
shoulder of current at 1.5 V vs. Li/Li+ can be attributed to SEI formation while the larger peak 
that begins at 0.55 V vs. Li/Li+ shows the intercalation process. On the return wave, no de-
intercalation peaks appeared in the potential window where de-intercalation has been reported 
(red curve in the expanded window)3, but rather two broad peaks emerge at 1.5 and 1.75 V vs. 
Li/Li+ respectively.  
(a) (b) 
28 
 
  
Fig. 12 (a) Crashing a carbon nanoelectrode into a MLG coated PDMS surface with an approach curve, (b) cyclic 
voltammagram for lithium intercalation with expanded window of lithium peak. Flores Jr., H.; Gossage, Z.T.; 
Rodríguez-López, J. Unpublished. 2018. 
 A more analytical approach is now addressed to distinguish between the electrochemical 
behaviors of pyrolyzed carbon and the carbon of MLG. The purpose is to verify whether the 
electrochemistry observed is a result of lithium intercalation with MLG and not the pyrolytic 
carbon of the nanoelectrode. The quality of the carbon nanoelectrode was assessed with the 
cyclic voltammagram of ferrocene oxidation (Figure 13a). Nanoampere currents were measured 
and a sigmoidal shape was obtained (the increased current at 2.8 V during initial ferrocene 
oxidation was a result of double-layer charging). Next, the ability of pyrolyzed carbon in the 
nanoelectrode to intercalate lithium was probed by cycling once to lithium intercalation 
potentials without approaching or crashing into the MLG covered substrate (Figure 13b). Two 
prominent regions occur when the electrode is cycled: SEI formation around 1.35 V and a 
lithium intercalation at 0.1 V. No de-intercalation peaks were observed on the return scan. The 
surface of the carbon nanoelectrode changed as shown in the ferrocene oxidation performed after 
lithium intercalation (Figure 13c). The current recorded was 3 orders of magnitude smaller, the 
voltammagram’s shape no longer resembled a sigmoid, and there was a large capacitance 
present. A possibility for this difference in electrochemical behavior is that a partial SEI layer 
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formed on the electrode surface, hindering electron transfer by passivating the electroactive tip 
with the insulating SEI. These results suggested that the pyrolyzed carbon of the nanoelectrode 
may exhibit the very similar electrochemical behavior as MLG which make it difficult to assess 
whether the electrode picked up an MLG fragment from the substrate. 
 
Fig. 13 Cyclic voltammograms of (a) ferrocene oxidation at a 1.8 um radius carbon nanoelectrode; (b) carbon 
nanoelectrode cycled once at lithium intercalation potentials without crashing into MLG; (c) ferrocene oxidation 
after probe is biased at lithium intercalation potentials. Flores Jr., H.; Gossage, Z.T.; Rodríguez-López, J. 
Unpublished. 2018. 
 An electrode of a different electroactive material was needed to distinguish between the 
electrochemical behaviors of MLG and that of the material that picks up the MLG fragment. We 
opted for platinum since the oxygen reduction reaction (ORR) occurs readily at a platinum surface, 
but is kinetically sluggish on carbon requiring a larger overpotential for the electrochemical 
reaction to occur as dictated by the Butler-Volmer equation: 
 i = FAk0[CO(0,t)e
-αfη – CR(0,t)e(1-α)fη] (eq. 6) 
Cyclic voltammagrams between platinum and carbon UMEs are shown (Figure 14). At the 
platinum UME (Figure 14a), ORR began at 0.14 V vs. Ag/AgCl and continued to read a massive 
current response when compared to the carbon fiber UME (Figure 14b) which maintained a 
steady current at the same potential. We hypothesize the ORR will occur at negatively shifted 
(a) (b) 
(a) 
(c) 
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potentials of where it occurs on platinum if the electrode successfully picked up a MLG 
fragment. 
 
Fig. 14 Cyclic voltammograms of (a) ferrocene methanol (FcMeOH) oxidation and ORR at a 12.5 um platinum 
UME (black) versus a 4 um carbon fiber UME (red); (a inset) 12.5 um platinum UME surface; (b) expanded 
window showcasing FcMeOH oxidation and ORR at a 4 um carbon fiber UME; (b inset) 4 um carbon fiber UME 
surface.. Flores Jr., H.; Gossage, Z.T.; Rodríguez-López, J. Unpublished. 2019. 
A Wolloaston electrode prepared from the method outlined in chapter 1 served as the 
platinum nanoelectrode. MLG was transferred onto a PDMS using a modified method of a 
procedure reported elsewhere.2 Only MLG-covered PDMS was exposed in the cell hole when the 
SECM cell was assembled. Optical microscopy images of the Wollaston electrode (Figure 15a), 
the MLG-PDMS interface (Figure 15b), and UV-Transmittance spectrum of the MLG sample 
(Figure 15c) are shown. The spectrum shows the MLG sample had between 0-15 layers of single 
graphene layers. 
(a) (b) 
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Fig. 15 Optical microscope images of a (a) Wollaston nanoelectrode; (b) MLG-coated PDMS substrate. The MLG is 
the lighter gray region on the lower half of the image. Flores Jr., H.; Gossage, Z.T.; Rodríguez-López, J. 
Unpublished. 2019. (c) UV-Transmittance spectrum of the MLG sample used. Sarbapalli, D.; Hui, J.; Rodríguez-
López, J. Unpublished. 2019. 
The Wollaston electrode (RG ~ 30) was characterized with cyclic voltammetry and 
SECM approach curve fitting to theory (Figure 16). The voltammagram displayed a sigmoidal 
shape and achieved a steady-state current of ~31 pA, the magnitude of current expected for a 
nanometer sized electrode (Figure 16a). Plotting an experimental approach curve to theory which 
suggested the electrode radius to be around 240 nm, a value that agreed with a radius calculated 
from equation 2 (Figure 16b-c). 
   
Fig. 16 (a) Cyclic voltammetric response from a Wollaston electrode; (b) experimental approach curve with a 
Wollaston electrode; (c) experimental approach curve fitted to a theoretical curve. Flores Jr., H.; Gossage, Z.T.; 
Rodríguez-López, J. Unpublished. 2019. 
(a) (b) (c) 
(a) (b) (c) 
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 The Wollaston electrode repeatedly approached the MLG-covered surface, but unlike 
seeing small increases in current when approaching the conductive MLG like in the case of the 
carbon nanoelectrode, negative feedback was obtained with every approach (Figure 17a). It 
remains unclear from the approach curve fitting as to why no positive feedback was recorded 
over MLG at a normalized distance L =4. It is possible that the electrode was approaching an 
exposed pocket of insulating PDMS. Interestingly, the probe’s electrochemical response for 
FcMeOH oxidation had changed after the approaches.  
    
Fig. 17 (a) Negative feedback approach curves obtained at a Wollaston electrode; (b) experimental negative 
feedback approach curves obtained with a Wollaston fitted to SECM theory (L = 4); (c) comparison of the 
electrochemical response the Wollaston before and after approaching the MLG-covered surface. Flores Jr., H.; 
Gossage, Z.T.; Rodríguez-López, J. Unpublished. 2019. 
 At this point, we opted to switch to a platinum UME to probe the MLG-covered surface 
to position the probe faster to the surface. It is possibile that the Wollaston could have been 
approaching gaps within the MLG sheets where PDMS was exposed. The possibility of this 
occurring at a larger electrode is mitigated as the UME can scan over a larger area. Additionally, 
we decided to utilize the SECM approach curve fittings to calculate the theoretical distance 
between the UME and surface using equation 5. By knowing the gap distance, it allows us to 
position and crash the UME into the substrate with improved precision.  
(a) (b) (c) 
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 The platinum UME was characterized with optical microscopy (Figure 18a), cyclic 
voltammetry (Figure 18b), chronoamperometry (Figure 18c), and SECM approach curve fitting 
(Figure 18d-e). Optical microscope images had good agreement that the platinum disk radius was 
12.5 um and showed that the RG was ~3. The voltammagram displayed a sigmoid shape that 
achieved a steady-state current of ~1.2 nA, the order of magnitude expected for a UME. A 
chronoamperogram was obtained and it showed that the UME maintained a steady current of 1.2 
nA, in agreement with the voltammagram’s steady-state current. An experimental approach 
curve was obtained and fitted to SECM approach curve theory where it showed excellent UME 
response capable of being implemented in SECM experiments. The steady state response at the 
beginning of the approach curve was in good agreement with the steady-state currents obtained 
from cyclic voltammetry and chronoamperometry. 
   
   
(a) (b) (c) 
(d) (e) 
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Fig. 18 Characterization of a 12.5 um platinum UME using (a) optical microscopy; (b) cyclic voltammetry; (c) 
chronoamperometry; (d) experimental approach curve; (e) experimental approach curve fit to theory. Flores Jr., H.; 
Gossage, Z.T.; Rodríguez-López, J. Unpublished. 2019. 
 The full window of FcMeOH oxidation and ORR is shown in a voltammagram obtained 
at the platinum UME (Figure 19a). The normalized distance from the SECM approach curve fit 
was 1.82 (Figure 18e) which corresponds to a tip distance ~22 um away from the surface. Using 
a probe scan curve in the vertical direction, the platinum UME slammed 26 um into the substrate 
(Figure 19b). It was then retracted 26 um so surface reactivity would not affect the tip’s 
electrochemical response. Performing cyclic voltammetry within the ORR potential window 
after the crash did not show a potential shift, but rather an increase in current was observed, 
signaling that the platinum disk had been influenced in some way (Figure 19c). Biasing the 
electrode to FcMeOH oxidation potentials also confirmed that the disk had been modified as the 
voltammagram no longer yielded a sigmoid shape and measured currents two orders of 
magnitude lower (Figure 19d). Interestingly, after biasing the electrode to ORR potentials after 
performing FcMeOH oxidation, the ORR had shifted 200 mV in the negative direction and a 
larger current was measured (Figure 19e). The electrode was then removed from the SECM cell 
and rinsed with H2O before re-inserting it into the cell and biasing it to ORR and FcMeOH 
oxidation potentials. The ORR voltammagram after rinsing gave a similar shape to the 
voltammagram prior to crashing into the substrate (Figure 19e).  Biasing the electrode to 
FcMeOH oxidation potentials after rinsing yielded a voltammagram of similar sigmoid shape, 
but a higher steady-state current was observed (Figure 19f).   
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Fig. 19 (a) Full window of FcMeOH oxidation and ORR; (b) scan curve of the platinume UME crashing into the 
substrate; (c) cyclic voltammagrams comparing ORR before and after crashing; (d) cyclic voltammagram of 
FcMeOH oxidation after crashing; (e) cyclic voltammagrams comparing ORR before and after crashing as well as 
after rinsing the UME with water; (f) cyclic voltammagrams comparing FcMeOH oxidation before crashing and 
after rinsing the UME with water. Flores Jr., H.; Gossage, Z.T.; Rodríguez-López, J. Unpublished. 2019. 
Another MLG-covered PDMS substrate was used where half of PDMS surface had MLG 
and the other remained PDMS (Figure 20). 
 
Fig. 20 Optical microscope image of the MLG-PDMS interface where the lighter top portion was the transferred 
MLG while the darker portion was PDMS. Flores Jr., H.; Gossage, Z.T.; Rodríguez-López, J. Unpublished. 2019. 
(a) (b) (c) 
(d) (e) (f) 
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The SECM cell was assembled such that the MLG-PDMS interface was exposed to the cell hole, 
half of the opening had an MLG coating while the other was PDMS. The platinum UME was 
positioned over the PDMS region by eye and was approached close to the surface (Figure 21b-c). 
Once it was close, the UME was scanned over the MLG region, attempting to detect positive 
feedback. However, as the UME began to scan into the MLG region, a decrease in current was 
observed (Figure 21d). After leveling, the UME scanned again from the original position over 
PDMS into MLG, but small and noisy currents were recorded (on the order of 20 pA). The UME 
was retracted sufficiently far from the surface (1000 um) and re-positioned over the MLG by 
eye. Upon first approaching the MLG, negative feedback was observed. A series of retraction 
(500 um) and re-positioning (increments of 50 um) over the MLG region were performed, but 
only negative feedback was observed (Figure 21e). Although negative feedback was observed, 
the probe was positioned over MLG so a tip-substrate distance of 20 um from the SECM 
approach curve fitting was calculated (Figure 21f). The probe crashed into the surface via a 
vertical scan curve. The UME traveled 14 um before a plateau emerged usually indicative of tip 
crashes (Figure 21g). The electrode was retracted 16 um and biased to FcMeOH oxidation and 
ORR potentials. The voltammagram for FcMeOH oxidation after crashing into the MLG surface 
showed no significant change to the steady-state current measured or the sigmoid shape with the 
voltammagram before the crash, albeit with some capacitance gain (Figure 21h). However, a 
negative potential shift is observed for the ORR voltammogram after the crash (Figure 21i). 
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Fig. 21 (a) Cyclic voltammagram of the full window of FcMeOH oxidation and ORR; (b) approach curve to position 
the platinum UME close to the surface; (c) SECM approach curve fitting to theory to determine the distance 
between the tip and PDMS surface; (d) scan curve of the UME translating from the PDMS to the MLG surface; (e) 
approach curve towards MLG surface; (f) SECM approach curve fitting to theory to determine the distance between 
the tip and MLG surface; (g) crashing the tip into the surface via scan curve; (h) cyclic voltammagrams comparing 
FcMeOH oxidation before and after crashing; (i) cyclic voltammagrams comparing ORR before and after crashing.  
Flores Jr., H.; Gossage, Z.T.; Rodríguez-López, J. Unpublished. 2019. 
 Scanning close to the MLG-PDMS interface was shown to be challenging as the 
electrochemical response continued to yield no clear indication of arriving at said interface. An 
(a) (b) (c) 
(d) (e) (f) 
(g) (h) (i) 
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irregularity in the MLG-PDMS surface was introduced by making a scratch into the substrate 
using a syringe needle. The topography of these new markings is shown by optical microscope 
images both outside (Figure 22a) and inside (Figure 22b) an assembled SECM cell. A platinum 
UME was positioned over the PDMS region by eye and approached to the surface (Figure 23a). 
After retracting, the UME was scanned from the PDMS over into the MLG region using scan 
curves to begin searching for any change in current that may be indicative of a topographical 
change. An initial increase in current was observed when scanning into the MLG region and a 
decrease in current was observed on the reverse scan suggesting that the change in current is 
related to changes in feedback (Figure 23b-c). In turn, it may be indicative of the surface 
irregularities produced by the needle. Approaching the surface and fitting the curve to theory 
allowed a tip-substrate distance of 21 um to be calculated, sufficient distance to theoretically 
detect changes in current resulting from topographical irregularities (Figure 23d-e). Scanning 
into the MLG region yielded an increase in current followed by a slight decrease towards the end 
of the scan (Figure 23f). Reversing the scan direction yielded a result that agrees with the same 
feedback response. Additionally, sporadic oscillations in current showed promise that this may 
be the MLG-PDMS interface where a scratch can be found (Figure 23g). A scan into the MLG 
region was manually halted at a position where a current maximum was observed in the previous 
scan (Figure 23h). By eye, the UME was positioned in the center of the cell where the interface 
is expected to lie. Then, UME was retracted 570 um and re-approached to the surface (Figure 
23i). Negative feedback was obtained, but crashing into the substrate was still worth a try so the 
experimental curve was fitted to theory anyway. The tip-substrate distance was calculated to be 
15 um (Figure 23j). Perhaps a rapid mechanical force was needed to break apart the graphene 
sheets from the PDMS so a slow, vertical scan was implemented to position the UME just barely 
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at the surface followed by a fast 2 um vertical scan into the substrate dubbed as the “Two-micron 
punch” (Figure 23k-l).  
  
Fig. 22 Optical microscope images of the scratches made on the MLG-PDMS interface (a) outside and (b) inside an 
assembled SECM cell. Flores Jr., H.; Gossage, Z.T.; Rodríguez-López, J. Unpublished. 2019. 
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(a) (b) (c) 
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Fig. 23 (a) Approach to PDMS; (b) scan curve moving UME from above PDMS to above MLG; (c) reverse scan 
curve moving UME from above MLG to above PDMS; (d) approaching the PDMS again after retracting; (e) fitting 
approach curve to theory to determine distance between the UME tip and the PDMS surface; (f) scan curve moving 
UME from above PDMS to above MLG; (g) reverse scan moving UME from above MLG to above PDMS; (h) 
halting a scan curve just as the UME scanned over the MLG surface; (j) approach to the MLG surface; (j) fitting 
approach curve to theory to determine the distance between the UME tip and the MLG surface; (k) positioning the 
UME just above the MLG surface using a vertical scan curve; (l) crashing the UME 2 um into the MLG surface; (m) 
cyclic voltammagrams comparing FcMeOH oxidation before and after crashing. Flores Jr., H.; Gossage, Z.T.; 
Rodríguez-López, J. Unpublished. 2019. 
(g) (h) (i) 
(j) (k) (l) 
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The UME was retracted 600 um after a 5 minute wait. The electrode was biased to FcMeOH 
oxidation potentials, but the voltammagram yielded no significant change in shape or current 
response which signaled that the electrode may not have been modified as observed previously 
(Figure 23m). 
Observing negative feedback despite approaching the conductive MLG surface atop 
PDMS and noting a negative potential shift for ORR after crashing into the region prompted an 
investigation to crash the platinum UME into bare PDMS to see if it was responsible for the 
observed ORR potential shift and modification of the electroactive surface. The UME 
approached PDMS (Figure 24c) after checking its electrochemical response and stability for 
FcMeOH oxidation and ORR with cyclic voltammetry and chronoamperometry (Figure 24a-b). 
Fitting the curve to theory, the tip-substrate distance was calculated to be 30 um. The UME was 
retracted 50 um to perform cylic voltammetry to check the probe’s electrochemical response 
after approaching. The voltammgrams showed normal FcMeOH oxidation and ORR shapes. The 
UME traveled 82 um via a vertical scan curve and crashed into the PDMS (Figure 24d). The scan 
curve was fitted to theory to check its behavior as a SECM probe (Figure 24e). After retracting 
82 um, voltammagrams were obtained to assess the UME’s electrochemical behavior after 
crashing (Figure 24f-h). The ORR voltammagram displayed a negative potential shift seen in 
previous voltammgrams where a larger current was also measured when compared to the ORR 
voltammagram taken prior to crashing (Figure 24f). The voltammagram for FcMeOH oxidation 
no longer displayed the normal sigmoid shape that achieved steady-state currents and a much 
smaller current was recorded (Figure 24g-h). The UME was removed from the SECM cell setup 
and polished with 1 um alumina slurry as described in chapter 1 above to remove any species or 
material that impacted the UME's electrochemical response. After re-inserting the UME into the 
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SECM cell, voltammagrams for FcMeOH oxidation and ORR were obtained and displayed 
curves that were similar in shape and current to those obtained prior to crashing into PDMS 
(Figure 24i-j). 
  
 
 
(a) (b) 
(c) (d) 
(e) 
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Fig. 24 (a) Cyclic voltammagram of the full window of FcMeOH oxidation and ORR; (b) chronoamperogram 
showcasing the platinum UME’s stability; (c) approach to PDMS; (d) crashing the tip into PDMS via scan curve; (e) 
fitting the scan curve to theory; (f) cyclic voltammagrams comparing ORR before and after crashing; (g) cyclic 
voltammagrams comparing FcMeOH oxidation before and after crashing; (h) expanded cyclic voltammagram of 
FcMeOH oxidation after crashing; (i) cyclic voltammagrams comparing ORR before and after polishing the UME 
with 1 um alumina slurry; (j) cyclic voltammagrams comparing FcMeOH oxidation before and after polishing. 
Flores Jr., H.; Gossage, Z.T.; Rodríguez-López, J. Unpublished. 2019. 
2.4 Conclusions & Outlook 
 PDMS’s soft surface property has found excellent use as a cushion for nanoelectrodes as 
it prevents tip breakage when they crash into it allowing for rapid electrode positioning over a 
surface and determination of tip-substrate distances.9 Whether it was a viable support for 
(g) (h) 
(i) (j) 
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transferred MLG to modify UMEs by crashing into a MLG-covered PDMS substrate has been 
explored in this document. PDMS’s soft surface characteristic made it an attractive idea to 
develop a rapid and mechanical method of transferring MLG fragments onto micrometer and 
sub-micrometer electrode tips in an attempt to study localized graphene reactivity. However, 
PDMS may not be a suitable substrate to transfer MLG onto as crashing into it may foul a 
probe’s electrochemical response with some adsorbed species or material as shown in this 
document. Looking ahead, it may prove insightful to attempt this method with laser-pulled 
platinum nanoelectrodes whose reduced RG and long-tapered tip may provide the necessary 
requirements to obtain the hypothesized electrochemical responses such as positive feedback 
while maintaining the electrochemical properties that are distinguishable from carbon. Another 
attractive possibility in picking up micrometer sized MLG fragments with microelectrodes and 
sub-microelectrodes may be to suspend layers of MLG or FLG atop an aqueous layer and 
sandwich it with an organic layer above them. Doing so may avoid any tip crash or breakage 
when slamming the probe into the MLG fragments allowing for further mechanical probing into 
the MLG-aqueous interface. 
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